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ABSTRACT

Nebraska Bridge Management System (NBMS) was developed in 1999 to assist in optimizing
budget allocation for the maintenance, rehabilitation and ceplant needs of highway bridges.

This requires the prediction of bridge deterioration to calculateyiéée costsAt the meatime,

the approach adopted to predict the deterioration of bridge components is based on national
average deterioration rateshish are one drop in the deck condition rating every eight years and
one drop in the superstructure and substructure condition rating every ten years. This approach
does not account for the impact of traffic volume, structure and material type, and em@viton

impacts, in addition to being not specific to Nebraska bridges

The objective of this project is to develop deterioration models for Nebraska bridges that are
based on the condition ratings of bridge compong@rgsdeck, superstructure, and substuue)
obtained from bridge inspections since 1998 up to 2010. The impact of governing deterioration
factors, such as structutgpe, deck type, wearing surface, deck protectid®T, ADTT, and

highway district, is considered in developing these models.

Recentl vy, NDOR decided to adopt #APonti so, t he
frequent updates of NBMS, which is costly and tioomsuming. Pontis requires the use of a

specific type of deterioration models (i.e. transition probability matrigdsgh are not available

for Nebraska bridges. Therefor@nother objective of this project is to develop Pontis
deterioration models using the inventory and condition data readily available in the NBMS

databaseProcedures for updating the developed medkbe also presented.
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1 INTRODUCTION

1.1 PROBLEM STATEMENT

The life-cycle cost (LCC) assessment of highway bridges is a decision making approach that is
based on the total cost accrued over the entire life of a bridge extending from its construction to
its replacement or final demolition (USDOT 2002). During theiseriife of a bridge, different

types of costs are incurred by both bridge owners and users. The owner costs (sometimes called
Afagency costso) represent construction cost,
costs represent the costs incurchee to the closure of a bridge for maintenance and the cost
incurred due to traffic congestion, detours, accidents, and failures, besides the indirect costs of
environment pollution due to idling of vehicles. Although an accurate estimation of thesis costs
quite difficult, the LCC is considered an efficient approach for comparing thetédomgeffects

of different maintenance strategies and identifying the optimal ones (Hawk 2003). This is
extremely important for most bridge owners due to limitationstren availability of funds

required to fulfill even urgent maintenance needs.

Deterioration models are integral component of LCC assessment because maintenance cost and
user costs are highly dependent on bridge condition that varies over the analysis Hegio

qguality of LCGbased decisions depends primarily on the accuracy and efficiency of the
deterioration models used to predict the tdependent performance and remaining service life

of highway bridges (AASHTO 1993). By definition a deterioration glad a link between a
measure of bridge condition that assesses the extent and severity of damages, and a vector of
explanatory variables that represent the factors affecting bridge deterioration such as age,
material properties, applied loads, environtaéconditions, etc. The literature on deterioration
models of highway bridges comprises several approaches that can be categorized into
deterministic, stochastic, and artificial intelligence approaches. For more information about these

approaches along thi the techniques used, please refer to Morcous et al. (2002).

Nebraska bridge management system (NBMS) was developed in 1999 to assist decision makers
at Nebraska Department of Roads (NDOIR) optimizing the allocation of funds to the
maintenance, rehditation and replacement (MR&R) of approximately 16,000 highway bridges
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across the State of Nebraska (NDOR 1999). This system includes: 1) Bridge Inspection System
of Nebraska (BISON), which is a data collection system used by bridge inspectors (NDOR
2002); 2) national average deterioration rates for service life prediction of bridge components;
3) predefined flowcharts for selecting optimal maintenance actions based on the current and
predicted conditions; and 4) cost data and formulas for estimatagouldget required to
implement the selected actions. NBMS was developed based on the National Bridge Inspection
Standards (NBIS) and National Bridge Inventory (NBI) data items. For more information about
these items, please refer to bridge inspection mamgaacoding guide (NDOR 2002b).

The approach adopted in NBMS for MR&R decision making is mostly based on engineering
judgment without adequate consideration of the LCC assessment of proposed actions. This may
result in uneconomical decisions that aredhar justify. In addition, the deterioration rates used

in predicting future condition of bridge components and determining the optimum year of
specific actions are entirely based on national average rates that do not necessarily reflect actual
deterioratbn rates of Nebraska bridges. This also may result in@mvanderestimating when

the action is needed. Moreover, the formula adopted for cost estimate and the corresponding unit
prices need to be updated to reflect the actual cost incurred by comstinateent projects.

Therefore, Nebraska Department of Roads (NDOR) has recently adopted Pontis to establish a
rational and systematic approach for MR&R decision making and avoid the frequent updates of
NBMS, which is costly and timeonsuming. Pontis ia bridge management system that assists
transportation agencies in managing bridge inventories and making decisions about preservation
and functional improvements for their structures. Pontis was first developed by the FHWA in
1986 and was administered BASHTO since 1994. NDOR uses Pontis version 4.4 which was
released in Jan. 2005 and is currently used by over 45 states (AASHTO 2005). Pontis stores
inspection data at three different levels: 1) structure, such as bridge or culvert; 2) structure unit,
sud as span or frame; and 3) element, such as deck or girder. Element conditions are presented
in Pontis using 1 to 5 rating system (with 1 being excellent condition) and four environments
(benign, low, moderate, and severe). Pontis preservation moduldiedetite set of optimal

MR&R policies at the network level using the LCC assessment approach. This module uses
transition probability matrices for predicting the deterioration of bridge elements over a given
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analysis period. The transition probability m@ts built in Pontis were entirely based on
engineering judgment and does not reflect the actual bridge deterioration rates in any specific
state. To ensure the reliability of the MR&R policies proposed by Pontis, accurate deterioration
models that are ggific to Nebraska bridges need to be developed, then these models will be
used in either Pontis or any other LCC assessment tool (BLCCA software developed by Hawk

2003) to propose optimal MR&R strategies.

1.2 OBJECTIVE
The project represents the firstgde of a multphase project that aims to optimizing MR&R

decisions based on LCC assessment of bridge structures. The objective of this phase is twofold:
1. Develop deterioration models for different bridge components, namely deck,
superstructure, and substture, using the inventory and condition data currently
available for Nebraska bridges. These models include those required by Pontis
preservation module to determine the ldagn MR&R policy that minimizes LCC.

2. Develop procedures for updating the depeld models as new data becomes available.

1.3 REPORT ORGANIZATION

The report iorganizedas follows Chapter2 presents thdataanalysis required to determine the
data set that can used in developing reliable and consistent deterioration. robdgise 3
discussesthe classification parameterssed in data grouping fordeveloping deterioration
models Chapter4 presents thelevelopment ofdeterministic deterioration models foridge
deck, superstrugte and substructureomponents considering the paeters presented in
Chapter 3 Chapter5 presents the development of stochastic deterioration models for bridge
components usinlylarkov chain approachio be used in Pontis analysShapter6 presents the
procedures for updating the developed models as dea becomes availabl€hapter7

summarizes the research work and its main conclusions.
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2 DATA ANALYSIS

2.1 INTRODUCTION
In the United States, condition ratings are used for standardized reporting ofngpeations of
bridges. The Recording andoding Guide for the Structure Inventory aAg@praisal of the
Nati onods Bridges provi des i nstruct istuctare f or
(USDOT 1999. In this system bridge elementbave ratingon a scale o (failed condition) to 9
(excellent condition and rate N assigned to not applicable caBable2-1 shows the definition
of condition ratingsNebraskaDepartment oRoad (NDOR) bridgeinspection manual provides
guidelines for inspection and condition rating of bridg®&DOR 200d). The collected
inspection data are updateding inspection software called Bridge Inspection System of
Nebraska (BISON).

Table 21: Description of condition rating of bridge elements

State Description

z

NOT APPLICABLE

EXCELLENT CONDITION

VERY GOQOD CONDITION - no problems noted.
GOOD CONDITION- some minor problems.
SATISFACTORY CONDITION

FAIR CONDITION

POOR CONDITION

SERIOUS CONDITION

CRITICAL CONDITION

"IMMINENT" FAILURE CONDITION
FAILED CONDITION

O | Nl Wl & O O N| 0| ©

There are255 datatems for bridges which categorized three main datgroups: Management
items (BRI_MGT_ITEM), Inventory itens (BRI_INV_ITEM), and Rating items
(BRI_RAT_ITEM). There are 70 items for management, 106 for inventory and 79 items for
rating item.Each item ha specified number which has a specified definition in bridge inspection
manual. For example, iterBIR_INV _ITEM_029 represeist average daily traffic and item

BIR_RAT_ITEM_058 represestdeck condition ratingBased on detailed discussions with
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NDOR technical advisors committee (TAC), itemsshown in Table 2 have beeselectedor

developing deterioration modeBescription of each item wibe explairedin chapter3.

Table 22: List of items selected for developing deterioration models

Data Item ltem #
Average Daily Traffic (ADT) 29
% of Truck Traffic 109
Deck Structure Type 107
Material Type 43A
Structure Type (Main) 43B
2 | Type of Wearing Surface 108A
S | Deck Protection 108C
E Highway Agency District (Climatic Region) 2
Functional Classification 26
Year Built 27
Year Reconstructed 106
Structure Authority (Structure Number) 8
Type of Service on Bridge 42A
Inspection Date 90
© [ Deck Condition Rating 58
§ Superstructure Condition Rating 59
Substructure Condition Rating 60

There are 15,568 bridges in the state of Nebraska according to the 2009 database of NDOR.

Inspection data are available since year 1998 for each bidgensive data filtering has been

done orbridge inventory anthspectiondatafor developing reliable and consistedeterioration

models as presented in the following sections.

2.2. DATA FILTERING

In order to select reliable sets of datadewelopingdeterioratiormodels oforidgecomponents

several filters have beapplied to remove

T

T
T
T

not applicableand blankdata
duplicatedata
bridges with unrecorded major maintenance actions

bridges withthe smeyearbuilt andyearreconstructed
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Each of these filtexis described in more details in the following subsestion

2.2.1. Not Applicable anBlank Data
Datarecordswith conditionratingN i N @pplicabl®

r e pabaus2&% df all dataccording

to 2010inspection dataThese records refer talwerts which are not considered in this study.

Tables 2-3 and 2-4 show the number adeck, supestructure and substructucemponentith

different condition ratingn years 1998 and2010 respectively Not applicable and blank data

were removed from the databasedereloping deterioratiomodels.

Table 23: Number of bridge components at differeandition ratings year 1998

Condition Rating Deck | Superstructurd Substructure
0 21 18 18
1 4 5 5
2 5 10 13
3 85 170 279
4 652 1012 1087
5 3539 1644 1897
6 1894 2198 2327
7 2431 3208 3070
8 2677 3004 2700
9 1980 2044 1912
N 2691 2666 2671
Blank 58 58 58
Total 16037 16037 16037

Table 24: Number of bridge components at different condition ratingsar 2010

Condition Rating Deck | Superstructurd Substructurg
0 53 51 49
1 2 4 7
2 6 22 28
3 68 153 329
4 503 702 947
5 3679 1731 1799
6 1642 1784 1683
7 1987 2593 2684
8 3026 3263 3003
9 1435 2140 1913
N 3415 3373 3374
Blank 0 0 0
Total 15816 15816 15816
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2.2.2. Duplicate Data

There are few duplicateecordsin the databas. Theserecordswere removedfor developing
deterioration mods. Table 2-5 shows the number of duplicatecords ineach inspection year
from 1998 to 2010.

Table 25: Number of duplicate records in each inspection year

Year 1998 | 1999 | 2000 | 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2008 | 2009 | 2010
All Records 16036|16347|16344|16062|16077|16092|16092|16092|16092|16092|16092|15816
Without Duplicate Management Records 15732|15706|15679|15634|15624|15625(15630|15629|15630| 15608 | 15568 |15550
Actual Structures comply with NBIS definition] 15731| 15690 | 15664| 15634 |15624|15625|15630|15629|15630|15608 |15568| 15568
Duplicate Data 304 | 641 | 665 | 428 | 453 | 467 | 462 | 463 | 462 | 484 | 524 | 266

2.2.3. Bridges with Unrecorded Major Maintenance Actions

Some Iidges have undergone major nmé&nance actions that were not recorded in the year
reconstructed, which results in erroneous data points in the condition versus age plots (outliers).
In the absence aghaintenancéistory,the age obridgecomponentss calculated based oyear

built while the condition corresponds to the condition of a relatively new compdfigates 2-

1, 2-2 and2-3 showthe age of decksuperstructure and substructurdoridges versus condition

rating at year 2010.

Bridge Deck §8) - year2010

& o—o6
< *—&

L 3

4
$
¢

*
*

*
L 4
L 4
L 4
*
*

Condition Rating

O P N W H» 01 O N O ©

&
<

10 20 30 40 50 60 70 80 90 100
Age (year)

*

o

Figure2-1: Age versus condition rating foridge deck at year 2010
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Figure 22: Age versus condition rating for bridge superstructure at year 2010
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Figure 23: Age versus condition rating for bridge substructure at year 2010
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Graphicalrepresentationf the data revealetthatfew data pointsvith age less than 10 yeaasd
conditionratings of 4, 5 or @s well as data pointsitiv age 40 years or oldemd condition
ratings of 9, 8, and 7 hese datpointsareconsideredutliers In order to partially address this
issue, a limiton themaximum and minimum numbeagefor each conditiomating was imposed
as follows:

Condition rating 94 agereconstructedess than 0 and more th&a years

Condition rating 84 agereconstructedess than 0 and more thd@ years

Condition rating 7A agereconstuctedless than 0 and more th&@ years

Condition rating 6 agereconstructediess than 10 and more thé years

Condition rating 53 agereconstructediess than 20 and more thah years

= =2 4 4 -4 -2

Condition rating 4 agereconstructediess thar80 and more thaB0 years

2.2.4. Bridges with Same Year Built and Year Reconstructed
There are approximateB23 bridges that have same year of built aedrreconstruad They
are all planned bridgesnd rone of then is areal bridge.Filters were appliedo identify such

bridges. Inspection data corresponding to these bridgesremoved from the database.

2.3. ANALYSIS PROCEDURE

To analye bridge data, recordsfrom NDOR databasevere imported to Microsoft Excel.
Records with ot applicableand blank dataduplicatedatg and same year built angear
reconstructedvereremoved. Age built andgereconstructeaf the bridgesvere calculated by
subtracing year built (BIR_INV_ITEMO027) and (BIR_RAT_ITEMO090) yeameconstructed
(BIR_INV_ITEM106) from year of inspection (BR_RAT_ITEMO090) respectively A limit on
maximum and minimunage at each conditiaratingwas imposed asentioned in section 2.2.3.
Step by step procedure fateveloping deterioration modelfor deck, superstructure and
substructure wilbeexplairedin chapters 4 and 5.
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3 CLASSIFICATION PARAMETERS

3.1 INTRODUCTION

Deterioration of bridge elements depend sewveral parameterselated to bridge design,
construction, geographial location and environmentand traffic volume, Therefore,it is
importantto classify bridges based dhe values of these parametsrs thathomogenous and
consistent dataan be used in developingleterioration modslwith adequate accuracylo
achieve this goalfijltered data recordare classifiedbased on the followingaraméersthat are
discussed in more detail in the following subsections

Highway agency district

Material type

Structure type

Deck structure type

Functional classification

Structure Authority

Type of Service obridges

Type of deck wearing surface

Deck prdection

Average daily traffic (ADT)

Average daily truck traffic (ADTT)

> > > > > P> D>y D> D> D> D

3.2 HIGHWAY AGENCY DISTRICT

The highwayagencydistrict represestthe districin which the bridge is locatedhere are eight
districtsin thestate of Nebraska. These districts @escribed in itenBIR_INV_RT_002Bof the
National Bridge Inventory (NBI) database. Figugd shows the district map dhe state of
NebraskaDistribution of bridges in each district is shownHFigure 3-2 according to 2009 data

This figure clearly showthat districd 1, 3 and 4 havthe highest numbers of bridges
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Figure3-1: District map for state of Nebraska

30%
25%
20% +—
15% +—
10% +—

5% +—

0%

% of Structures

1 3 4 2 7 6 5 8
Highway Agency District

Figure3-2: Distribution of bridges in each districtyear 2009

3.3 MATERIAL TYPE

Therearedifferent types of materias usedin bridgesuperstructureMaterial type is presented in
item BIR_INV_ITEM43A usinga number from 0 to @s shownn Table 3-1. The table also
shows the percentage efichmaterialtype in a descending order according to 2009. dratare

3-3 shows the percentagef using steel, reinforced concrete, prestressed concrete and wood in
bridgesuperstructurePosttensionectoncrete isoded as prestressed concréigure 34 shows

the type of supporfor bridge superstructureThis figure clearlyindicates thamost of bidges

aresimply suppord
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Table 31: Distribution of material type in bridge superstructuyear 2009

Material Type (43A) Frequency| Percentage

3- Steel 6995 45%
1- Concrete 3913 25%
7- Wood or Timber 1287 8%
5- Prestressed Concrete 1345 9%
2- Concrete Continuous 1250 8%
4- Steel Continuous 660 4%
6- Prestressed Concrete Continuous 110 1%
9- Aluminum, Wrought Iron, or Cast Iron 3 0%
O- Other 2 0%
8- Masonry 2 0%

Total 15568 100%

Prestressed
Concrete
10%
Woo
8%
Steel
Reinforce 49%
Concrete

33%

Material Type 43A)

Figure3-3: Distribution ofmaterialtypein bridgesupersructurei year 2009

Continuou
13%

Simple
87%

Support Typed3A)

Figure3-4: Type ofsuperstructursupport year 2009
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3.4 STRUCTURE TYPE

Type of structurerepresents the structural system of the bridge and is presentiéeimin
BIR_INV_ITEMA43B. Type of structuretiasa numbes from 00 to 22 asde<ribedin Table3-2
along with thepercentageof structure typen descending order according to 2009 data.

Table 32: Distribution of structure typeyear 2009

Structure Type (43B) Frequency| Percentage

02- Stringer/MultiBeam or Girder 8559 55%
19 Culvert 3232 21%
01- Slab 1458 9%
10- TrussThru 887 6%
04- Tee Beam 686 4%
03 Girder and Floor Beam System 484 3%
05- Box Beam or GirdersMultiple 34 0%
11- Arch - Deck 52 0%
22- Channel Beam 131 1%
07- Frame 17 0%
18 Tunnel 4 0%
09 Truss- Deck 3 0%
00 Other 9 0%
21- Segmental Box Girder 2 0%
06- Box Beam or GirdersSingle or Spread 3 0%
12- Arch - Thru 3 0%
13- Suspension 1 0%
8- Orthotropic 0 0%
14- Stayed Girder 0 0%
15 MovableLift 0 0%
16- MovableBascule 0 0%
17- Movable Swing 0 0%
20- Mixed Types 0 0%

Total 15568 100%
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As shownin Table 32, stringer/multibeam or girder has a highest percentageong all
structure typesCulvers haveare the second, but they haween removed frorthe database as
deterioration modsl are being developed for bridges onl¥igures 3-5 and 36 show the
percentage of different structurges with and without culvertespectively

Girder and Floor Others

Tee Bea Beam 204 Stringer/Multr
Beam
55%

6%

Structure Type43B)

Figure3-5: Distribution of $ructure typen highway structuresa(ith culverts)i year 2009

Girder and Otztg/ers
0 Stringer/Multi
Beam

69%

Structure Type Without Culve#t3B)

Figure3-6: Distribution of gructures type imighway structureéwithout culverts) year 2009

3.5 DECK STRUCTURE TYPE

Castin-place concreteis the main type ofleck inbridge structures Deck structure typeare
described in itenBIR_INV_ITEM107 using umbersfrom 1 to 9 aslisted in Table 33. If more

than one type of deck issedon thesamebridge,the code othe most dominartype is reported
Code Nis usedor abackfilled culvert or arch with the approach roadway section carried across

the structureTable 3-3 alsoshows thepercentage ofleckstructure type in bridgesccording to
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2009 data Hgure 3-7 presentsthe distribution of deck structures type in bridgescluding

culverts
Table 33: Distribution of deck structure typgrear 2009
Deck Stucture Type (107) Frequency| Percentage
1- Concrete Casgn-Place 7824 50%
8- Timber 2619 17%
N- Not Applicable 3243 21%
9- Other 1067 7%
2- Concrete Precast Panels 514 3%
6- Corrugated Steel 259 2%
7- Aluminum 13 0%
5- Steel Plate 16 0%
3- Open Gating 11 0%
4- Closed Grating 0 0%
Total 15568 100%

Corrugated Steel Others
2% 9%

Concrete Casin-
Place

Concrete Preca 64%

Panels
4%

Timber.
21%

Deck Structure Typd (7)

Figure3-7: Distribution of deck structure typeyear 2009

3.6 FUNCTIONAL CLASSIFICATION

Item BIR_INV_ITEMO26 is assigned tihe functional classificatiorof the road on the bridge
Codes of fungbnal classification areused forrural and urban arsaRural areas have the
following codes: 01, 02, and 06 to 09. Urban areas have the following codes: 11, 12, 14, 16, 17
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and 19. Description of each code with their percentdideeidges according t80M0 data islisted
in Table3-4. Figures 3-8 and 39 show thedistribution of bridgefunctional classificatiorand

whether itis located irrural or urban aresarespectively.

Table 34: Functional classification of bridgeyear 2009

Functional Classifiation (26) Frequency| Percentagg
09 Rurali Local 8733 56%
07- Rural- Major Collector 2377 15%
06- Rural- Minor Arterial 1291 8%
08- Rural- Minor Collector 1221 8%
02- Rural- Principal Arteriali Other 883 6%
14- Urban- Other Principal Arterial 262 2%
01- Rural- Principal Arteriali Interstate 217 1%
16- Urban- Minor Arterial 164 1%
19 Urbani Local 147 1%
11- Urban- Principal Arteriali Interstate 118 1%
17- Urbani Collector 101 1%
12- Urban- Principal Arterial Other Freeway or Exgasway 54 0%
Total 15568 100%

Principle

Arterial - o

Interstate Principle

Minor Arterial 2%

9%

Minor Collector.
9%

8%

Arterial - Other

Local
57%

Functional ClassificationZ6)

Figure 38: Functional classificatioof bridgesi year 2009
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Urban
5%

Rural
95%

Functional ClassificationZ6)

Figure 39: Distribution of bridges in rural and urban aégear 2009

3.7 STRUCTURE AUTHORITY

This item (BRI_INV_ITEMO008) defines whether thebridge is owred/administered by the
city/county, statefederalgovernmentor municipal governmenihis itemassigns alifferent

starting letteffor each authorityif CO0 means city/ county structur e,
means urban strucitpale, stirMoc tmeraen samd ni €EMB- means
5 presentgshe number and percentage of different structure autbsiit the state of Nebraska
according to2009 data Figure 310 shows that city/county structuse have the highest
percentage of mges followed by state structuseState bridges have more relialoiendition

data tharthose of other bridges due to the more strict inspecggnirementsand procedures

adopted by state inspectors. Therefdeterioration modslare developed fatatebridges.

Table 35: Structure authority year 2009

Structure Authority (8) Frequency| Percentage
City/County Structure 11326 72.8%
State Structure 3549 22.8%
Urban Structure 467 3.0%
Municipal Structure 171 1.1%
Federal Structure 55 0.4%
Total 15568 100%
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Structur 1.1% Structure
0.4%
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Figure 310: Structure authoritgf bridgesi year 2009

3.8 TYPE OF SERVICE ON BRIDGE

This item describethetype of service on bridge There are numbers 0 to 9 that explain service

City/County
Structure

12.8%

type. For example, number 1 belongs to highveaygl numbe 2 belongs to railroaditem

BRI_INV_ITEM42A is assigned ttype of service on bridgdable3-6 shows the description of

different types of service on bridgedrigure 311 illustrates the distribution oftype of service

accordingo 2009data Resuls show thathighwaybridges represe®6% ofall bridges.

Table 36: Type of service on bridgegear 2009

Type of Service on (42A) Frequency| Percentaggq

1- Highway 14984 96.2%
6- Overpass Structure at an Interchange or Second Lev 222 1.4%
5- Highway- Pedestrian 189 1.2%
2- Railroad 115 0.7%
3- Pedestrian/Bicycle 49 0.3%
0- Other 3 0.0%
7- Third Level Interchange 3 0.0%
4- Highway - Railroad 2 0.0%
9- Building or Plaza 1 0.0%
8- Fourth Level Interchange 0 0.0%

Total 15568 100%
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Highway

: Railroad
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96.20
Type of Serviced@A)

Figure 311: Type of service on bridgé year 2009

3.9 TYPE OF DECK WEARING SURFACE

There are different types of wearing surface used on bridges.dBo&se types are described in
itemBRI_INV_ITEM108A andlisted inTable3-7.

Table 37: Type of deck wearing surfacgrear 2009

Type of Wearing Surface (108A) Frequency| Percentage
1- Concrete 7052 45.3%
N- Not Applicable 3204 20.6%
7- Timber 1973 12.7%
8- Gravel 1595 10.2%
9- Other 637 4.1%
6- Bituminous 596 3.8%
4- Low Slump Concrete 326 2.1%
2- Type 47BDSF (Silica Fume) 76 0.5%
3- Latex Concrete 39 0.3%
0- None 65 0.4%
5- Epoxy Overlay 3 0.0%
Total 15568 100%

Figure 312 shows the distribution of different tygpef deck wearing surfacaccording ta2009

data Results clearlyshow thatbare concrete deck without wearing surface are the most
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dominant type obridge decks. Number O represenb wearing surfacen bridge deckother

than concrete ones, whik:applies only to structures with no deck.

Low Slump
Concrete Others

Bituminou 2.6% 6.6%
4.9% s\ ya
Grave e Concrete

57.0%

Type of Wearing Surfac&@8A)

Figure 312: Distributionof type of deck wearing surfateyear 2009

3.10 DECK PROTECTION

There are six different tygeof deck protectiorpresented intém BIR_INV_ITEM108C Table
3-8 lists these types and their percentages in descending order according to 200¥gdata3
13 shows that rare than 66% of bridgesalieno deck protectionDeck protection usingp®xy

coated reinforcingteelis the most dominant type of deck protectiomecent years

Table 38: Distribution of deck protectionyear 2009

Deck Protection (108) Frequency| Percentage

0- None 10403 66.8%
N- Not Applicable 3257 20.9%
1- Epoxy Coated Reinforcing 1494 9.6%
8- Unknown 216 1.4%
2- Galvanized Reinforcing 160 1.0%
9- Other 18 0.1%
3- Other Coated Reinforcing 7 0.0%
4- Cathodes Protection 7 0.0%
7- Internally Sealed 4 0.0%
6- Polymer Impregnated 2 0.0%

Total 15568 100%
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Figure 313 Distribution ofdeck protection year 2009

3.11 AVERAGE DAILY TRAFFIC (ADT)

The average daily traffic (ADT) on highway bridges is described in B&h INV_ITEM029.
Based onthe 2007AASHTO Load and Resistance Factor RatiiidRFR), the ADT can be
categorized into four different levels as listed in Tabi@ Figure 3-14 shows the frequency
diagramof each of these four levels according2@00 and 2009 ata Thisfigure clearly shows

that average daily traffic less than 100 treshighest frequency

Table 39: Description of ADT Categories (Item 2ZOAASHTO LRFR 2007

ADT Category
ADT <100
100 ADT 1000
1000 ADT <5000
ADT 5000
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Figure3-14: Average daily traffic (ADT)frequencydiagram for all bridges years2000 and
2009

3.12. AVERAGE DAILY TRUCK TRAFFIC (ADTT)

Average Daily Truck Traffic (ADTT) isa percentage of item 29 (ADTand described in item
BRI_INV_ITEM109. Based on data analysis, ®BTT is categorized into three different levels
as listed in Table3-10. Figure 315 presents the frequency diagramADTT in all bridges
according t02000, 2005 and 200%ata This figure clearly shows the highgstrcentageof

ADTT is lessthan 100

Table 310: Description of ADTT Categories (Iltem 109)

ADTT Category
ADTT < 100
100 ADTT 500
ADTT 500
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Figure 315: Average daily truck traffic (ADTT) frequency diagram &irbridgesi years 2000,
2005 and 2009

36



4 DETERMINISTIC DETER IORATION MODELS

4.1 INTRODUCTION

Bridge deterioration is the process of decline in the condition of the bridge resulting from normal
operating conditions (Abedl-Rahim and Johnston, 1995), excluding damage from such events
as earthquakes, accidents, ioe.f The deterioration process exhibits the complex phenomena of
physical and chemical changes that occur in different bridge components. What makes the
problem more complicated is that each element has its own unique deterioration rate (Thompson,
2001a).Accurately predicting the rate of deterioration for each bridge element is, therefore,

crucial to the success of any BMS.

In the late 1980s, deterioration models for bridge components were introduced in qeelidd
the future condition of infrastrugte assets as a function of their expected sewacelition.
Deterioration models in Infrastructure Management Systems (IMSs) weraldwstoped for
Pavement Management Systems (PMSs). Deterioration models in PMS diffehfreerin BMS
because of théifferences in construction materials, structural functionality, @wedtypes of
loads carried. In addition, safety is more important in bridges than in pavemesfste of the
dissimilarities in the deterioration models for pavement and bridges,afhmaches to
developing pavement deterioration models for PMSs have been employediavéhgpment of

bridge deterioration models in BMSs.

Approaches for the calculation of deterioration rates for bridge elements can be classified into

two broad categoges: (i) Deterministic Approaches, and (i) Stochastic Approaches.
Deterministic models are dependent on a mathematical or statistical formula for the relationship
bet ween the factors affecting bridge deterior
output of such models is expressed by deterministic values (i.e., there are no probabilities
involved) that represent the average predicted conditions. The models daveb®pedas using

straightline extrapolation, regression, and cufiteng methals.

Straightline extrapolationis the simplest conditioprediction model is based on straidjine

extrapolation; this method can be used to predict the material condition rating (MCR) of a bridge
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given the assumption that traffic loading and mainteaanistory follow a straight line. The
method requires only one condition measurement to be carried out after construction; an initial
condition can be assumed at the time of construction and a second condition is determined at the
time of the inspectionThe straighdine extrapolation is used because of its simplicity (Shahin,
1994). Although this method is accurate enough for predicting-gont conditions, it is not
accurate for long periods of time. In addition, the straight line method cannottghedrate of
deterioration of a relatively new bridge, or of a bridge that has undergone some repair or
maintenanceRegression models are used to establish an empirical relationship between two or
more variables: one dependent variable and one or miependent variables. Each variable is
described in terms of its mean and variance (Shahin, 1BB#is chaptecurve fittingare used

for developing deterioration models for bridges deck, superstructure and substructure.

Stochastic approach treatetheterioration process as a stochastie stateof-the-art stochastic
approach has been based on the Maitmin theory. In thdarkowchain deterioration model,
the performance level is specified as discrete states. TheoWehain deterioration modtewill
be explained in chaptér

4.2 DECK

Bridge decks are considered the most vulnerable element in a bridge. A harsh environment, an
increase in traffic volume, and aging are the main reasons for rapid bridge deck deterioration.
This sectionpresentghe development ofleck deterioratioomodels considering the impact of
different parameterdike: type of wearing surface, average daily traffic (ADT), average daily
truck traffic (ADTT), highway agency districand typeof deck protectionMost of dataanalysis

was conducted on state bridges becausettheg moreeliableconditiondata

4.2.1. Type of Deck Wearing Surface

There are different types of wearing surface used on bridges.dBo&se types are described in
item 108A.Table4-1 lists the desription of item 108AWearing surface 1 (concretepreserg
bareconcrete deckOthertypes of wearing surfacesuch adype 2 (silica fume) type 3 (latex
concrete) and type 4 (lowslump concretegare commonlyusedin NebraskaFigure 4-1 shows

the fequency diagraraf wearing surface typir all bridges.
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Table 41: Description of wearing surface type (Item 108A)

None

Concrete

Silica fume

Latex concrete

Low slump con.

Epoxy overlay

Bituminous

Timber

Grawel
Other
Not applicable

Z| ©| o N| o g M W N| | O

Thus, in developing deterioration model for deck wearing surface, three different cases are
considered: original deck, H#eck and overlays. Original deck represethizse decks which

d o rhaveyearreconstruted in database (item 106 equal to zero}dRek is those decks which
haveyearreconstructed (item 106 more than zero) and item 108A equal to 1. Overlays represent
those decks which hawearreconstructed (item 106 more than zero) and item 108A eqial to

(silica fume), 3 (latex concrete) or 4 (low slump concrete).
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Item 108A "All Bridges"
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Figure4-1: Frequencyliagramof wearing surfacéype in al bridges- years2000, 2005 and
2009

Figure 4-2 shows the frequency diagraof wearing surface typtor state bridgesnly. These

figures indicate that wearing surface type 1 (concrete) has the highest frequency in all bridges
and state bridged.hereis nobridge decks with wearing surface type 5 (epoxy overlaygre

are few state bridge decks with wearing surface type 7 (tinalmel 8 (gravel)No deterioration

curves were developed for these dedke to inadequate data poinEgure4-3 to 4-5 show
deterioration curves for decks in bridgaber than state bridged yeas 2000, 2005 and 2009.
These figures show that decksttwwearing surface type 7 (timber) and type 8 (gravel) have

almost similar deterioration rates.
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Figure4-2: Frequencyiagram forwearing surfacéypein state bridges years2000, 2005 and

2009
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Figure4-3: Deteriorationcurves for timber andgrawel in bridgesotherthan state bridgesyear
2000
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Figure4-4: Deteriorationcurves for timber and graveh bridgesotherthan state bridgesyear

2006
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Figure4-5: Deteriorationcurves for timber and graveh bridgesotherthan state bridgesyear
200

Figures4-6 and 4-7 show the deck condition rating versus afiggramfor decks withtype 6
(bituminous wearing surfarén all bridges and state bridges in year 2009. This data cannot be

used to develop deterioration curves as most of brigg&sdwith bituminous wearing surface
are rated at condition 5.
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Item 108A - Wearing Surface 6 (Bituminous)
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Figure4-6: Condition ratingof wearing surface type ®ifuminoug for all bridges’ year 2009
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Figure4-7: Condition ratingof wearing surface type ®ifuminoug for state bridges yea 2009
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4.2.1.1. Original Deck
Original deckrepresents those bridge decks tdab nhéve year reconstructed in database and

item 108A equal to JFigure 48 shows original deckederioration curve fostate bridgest year
2000, 2005 and 2009.

Original deck (No Overlays) State Bridges
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Figure4-8: Original deck deterioration curve for state bridgg®ais 2000, 2005 and 2009

To develop reliabledeterioration modsilfor original bridge declks, all data from 1998 to 2010
were combined together. Duplicate dateere eliminated and deterioratio modes were
developed. Figurd-9 shows the deterioration cus/ef bridge deck in statebridges Dash line
represents the national average deteriorationwhteh takes8 yearsto drop from high to lower
condition in bridge decks. This figure showsatthoriginal concrete decks have lower
deterioration rate than national average.
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Original Deck (No Overlay) State Bridges from998to 2010

\
\\

~ Sy, S —
S - _~\

T S —_—
-

Original Deck -
= = National Average - ‘\_‘_
i Poly. (Original Deck)

I

y =-0.000%3 + 0.009%? - 0.253% + 10.2915
R?=0.9914

Condition Rating
OFRLNWDMOUIOO N OO
!

10 20 30 40 50
Age (Years)

o

Figure4-9: Original deck deterioration curve for state bridges

Equation 41shows theriginal deck deterioration formula for stabridges
Y =-0.0001X%+0.0093%-0.2531%10.2915 (Eq.-2)
Where:

X=age (years) and

Y= condition rating of deck.

Table 42 listed theaveragetransition period for original decks in state bridgesyears 2000,
2005, 2009 and from 1998 to 2010

Table 42: Transiton period for original decks in state bridges

Original Deck Condition Rating State Bridges
Transtion Period (years)| 9 8|8 7|7 6 | 6 5| 5 4
2000 9.4 16.9 4.5 3.7 0.7
2005 9.3 18.9 3.2 4.4 1.7
2009 9.3 194 0.5 111 1.3
1998 to 2010 9.3 17.4 3.4 6.6 2.8
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Figure 410 shows thewveragetransition period for years 2000, 2005, 2009 and 1998 to 2010.
This figureclearly shows that condition 8 to 7 with approximately 17.5 years has a maximum

transition period.

Transition Period State Bridges
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Figure4-10: Original deck transition periokh state bridge$ yeais 2000, 2005 2009 and from
1998 t02010
4.2.1.2. Replacement deck

Replacementdecls represent those bridge decks that have year reconstructed in database and
item 108A equa to 1. Figure 411 shows deterioration curve foeplacement decks istate
bridges at ye&2000, 2005 and 2009.
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Figure4-11: Replacementleck deterioration curvia state bridge$ years 2000, 2005 and 2009
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Figure 412 preserd thereplacementleckdeterioration curvelevelopedor state bridgesising

condition data from 1998 to 2010 and the power formula that best fits the data points.
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Figure4-12: Replacementleck deterioration curvie state bridges

Table 43 listed theaverageransition period for i@acementdecksat years 2000, 2005, 2009

and from 1998 to 2010. FigurelB showseplacementleck transition period for state bridges.

This figure clearly sbws that condition/ to 6 with approximatelyl3 years has a maximum

transition period.

Table 43: Transition period for replacement decks in state bridges

Redeck Condition Rating State Bridges
Transition Period (years)| 9 8 |8 7|7 6 6 5 4
2000 5.0 7.8 12.5 0.0 19
2005 4.6 5.2 11.8 3.1 0.0
2009 7.0 3.0 9.5 9.4 0.0
1998 to 2010 6.1 51 13.2 3.6 2.7
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Replacement deck Transition Perio8tate Bridges
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Figure4-13: Replacement dck transition periodiagramin state bridge$ yeas 2000, 2005,
2009 and from 1998 to 2010.

Figure 414a presents thelistribution of re-deck in each district. Figure-#4b shows the
distribution of duration to releck in state bridges at year 2009. This figure indicates that most of
the state bridges have duration tedexk between 25 to 40 years. THere, three main groups
were considered: duration to-deck less than 25 years, more than 25 years and less than 40

years, and duration to-aeck more than 40 years.
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Figure 414a: Histogram ofdistribution of redeck in districts year 2A0
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Re-Deck- State Bridges Year2009
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Figure4-14b: Histogram of state bridgdsr different durations to rdecki year 2009

Figure 415 to 4-18 show the deterioration curves for those three graip®ars 2000, 2005,
2009 and from 1998 to 2010, respectively.
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Figure4-15: Deterioration curvesf state bridge dedkased on duratioto re-deck- year 2000
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Figure4-16: Deterioration curvesd state bridge decksmsed on duratioto re-deck for year

2005
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Figure4-17: Deterioration curvesf state bridge decksased on duratioto re-deck foryear

2009

50



Redeck State Bridges from998to 2010
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Figure4-18: Deterioration curvesf state bridge decksased on duratioto re-deck from year
1998 to 2010

4.2.1.3. Overlays

There are three matypes of decloverlayin state bridgessilica fume,latex concrete and low
slump concrete. Garlays represent those decks which have year reconstructed (item 106 more
than zero) and item 108A equal to 2 (silica fume), 3 (latex concrete) or 4 (low slump concrete).
Histogramof duration tooverlayin state bridges was developad shownn Figure 419. This

figure clearly shows that most of the state bridges have duration to overlay between 15 to 35

years.
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Figure 419: Overlays lstogram of state bridgeyear 2009
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Based orduration tooverlay histogram, deterioration curves were developed fee thifferent
categoriesduration to overlay less than 15 years, more than 15 years and less than 3&ngears
duration to overlay more than 35 years. Figu0, 4-21, 422 and4-23 show the deterioration
curves for those three grougsyears 2000, @05, 2009 and from 1998 to 2010, respectively.
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Figure4-20: Deterioration curvesf overlaysbased on duratioto overlay- year 2000

Duration to Overlay State BridgesYear2005

=—=Dur ation t®» Oyerlay |O
=@-15< Dur ation3tjo Overllay O
35< Duration to Overlay

Condition Rating
O FRP N WM OUILO N OO

10 20 30 40 50
Age Since Overlaid (Years)

o

Figure4-21: Deterioration curvesf overlaysbased on duration to overlayear 2005
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Duration to Overlay State BridgesYear2009
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Figure4-22: Deteriorationcurvesof overlaysbased on duration to overlayear 2009
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Figure4-23: Deterioration curvesf overlaysbased on duration to overlayears 1998 to 2010

Table 44 listed theaverageransition period foloverlaysat years 2000, 2005, 2009 and from
1998 to 2010. Figure-24 showsoverlaystransition period for state bridges. This figure clearly
shows that conditiof to 8 with approximately’ years has a maximum transition period.
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Table 44: Transition period of overlays in state bridges

Overlays Condition Rating State Bridges
TransitionPeriod (years) 9 8|8 77 6|6 5|5 4
2000 7.1 3.4 2.8 0.0 0.0
2005 7.5 4.2 15 0.0 0.0
2009 14.8 2.0 3.2 0.1 0.0
1998 to 2010 7.5 3.8 3.3 3.4 1.3
Overlays Transition PeriodState Bridges
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Figure4-24: Overlays transition perioith state bridge$ years 2000, 2005, 2009 and from 1998
to 2010.

4.2.1.3.1. Silica Fume

Silica fume is one of the materialsedrecentlyas a wearing surface on briddecks According

to 2009 data, therare 70 state bridgesith silica fume overlay on their deck&igure 425

presents the histogram @fidge deckswhich havebeen overlaid bysilica fume This figure

clearly shows that most of the state bridgeerlaid by silica fumehaveduration to overlay
between25 to 45 years. Figure 426 shows theage histogranof silica fume overlayat year
20009.
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Silica Fume Overlay State Bridges
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Figure 425:; Duration to overlay histogram sflica fumeoverlayi year 2009
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Figure 426: Age histogram ofiica fumeoverlayi year 2009

Figure 426 indicates thasilica fume overlay isisedas a new wearing surface for dec&cently
as ithas a age betwee 5 to 15 years. Therefqréhere isnot enoughdatafor developing

deterioration model for thigype of overlay.
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4.2.1.3.2. Latex Concrete

There are few state bridges (Bidged which have been overlaid with latex concrdigure 4
27 presents theluration to overlayhistogramfor decks with latex concrete wearing surfacenis
figure indicatesthat most of the state bridgeserlaidwith latex concretdadduration to overlay
betweenlOto 15 years. Figure 428 presens theage histogram dhtex correteoverlay inyear
2009.This figure clearly showshat latex concrete overlay is one of the old matenesdin
bridge decksas wearing surface and has an age between 30 to 35 Keamver,deterioration

curve was not developddr latex concreteverlay due to the small number of data points.
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Figure 427: Bridge deckoverlaid by latex concreteyear 2009
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Figure 428: Latex concrete age histogranyear 2009
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4.2.1.3.3. Low Slump Concrete

There are338state bridgesat year 2009vhich havdlow slump concrete wearing surfadagure

4-29 presents the histogram tiidge deckswith low slump concretavearing surfaceThis

figure shows that most of the state bridgeerlaid withlow slump concreténad duration to
overlay betweerl5 to 35 years.Figure 430 shows the age histogram of low slump concrete
overlay in year 2009This figure shows low slump concrete overlay has an age between 15 to 35

years.Figure 431 shows deterioration cunad low-slump concrete overlay state bridges
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Figure4-29: Bridge decksverlaid by low slump concret year 2009
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Figure 430: Low slump concrete age histogréngear 2009

57



Low Slump Concrete OverlayState Bridges
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Figure 431: Deterioration curvef low slump concreteverlay in state bridge decksyears
2000, 2005 and 2009

Figure 432 shows the deterioration curvef low slump concrete overlay in state bridge decks
using condition data from 1998 to 2010 and plegver formulathat best fits the condition data.
For comparison, deterioration curve for original deck also plotted in this figinms. figure
clearly showghat deterioration rate for lovglump concrete overlay is significantly higher than

that of original concrete deck.
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Figure 432: Deterioration curvef low slump concrete overlay
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Table 45 and figure 433 showthe averagdrarsition periodof low-slump concrete overlaipr
years 2000, 2005, 2009 and 1998 to 2010. Results show that condition 9 tor8avasage

transition period with approximately 7.5 years.

Table 45: Transition period of low slump concrete overlay on dtatége decks.

Low Slump Concrete Condition Rating State Bridges
Transition Period (years) 9 8| 8 717 6|6 5|5 4
2000 7.3 4.0 2.1 2.3 0.0
2005 6.7 5.0 1.7 0.2 0.0
2009 11.2 4.4 3.2 0.0 0.0
1998 to 2010 7.4 4.4 3.0 3.1 15
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Figure 433: Transition period histogram &dw slump concreteverlay on state bridge decks
years 20002005, 2009 and frorh998 to 2010

4.2.2. Traffic on Deck

Traffic volume significantly influences thmate of deterioration of bridge deckk this section
impactof traffic volume on state bridge deckspisesentedThere are two paramesatelated to
traffic volume in databaseveragedaily traffic (ADT) and average daily truck traffic (ADTT).
ADTT is apercentage oADT.
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4.2.2.1. Average Dalily Traffic (ADT)

ADT on highway bridges is described in item BRI_INV_ITEMO029 of the National Bridge
Inventory (NB) database. Based on AASHTO Load and Resistance Factor Rating 2007 (LRFR),
the ADT wascategorized intéhe four different levels listed in Table® Figure4-34 shows the
frequency diagranof ADT in statebridges at years 200@005and 2009.Same plotfor all
bridgesis shown in Figure-34. This figure clearly shows th&DT more than 100 ankss than

500 has a highest frequency state bridges. However ADT less than 100 had a highest

frequencyin all bridges
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Figure4-34: Frequencyliagramof ADT in state bridge$ years2000, 2005 and 2009

Figures4-35, 4-36 and 437 show the deterioration curves sfatebridge decks with different
levels of traffic at years 2000, 2005, and 2009. These figures indicate that decks with lower
traffic volumes hae better condition than those with higher traffdume Figures4-38, 439

and 440 showthe averagdransition period for state bridge decks with different traffitumes

at years 2000, 2005 and 200%ese figures indicate that bridges with low t@ffolumehave a

longest average transition period in most cases.
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Figure4-35: Deteriorationcurves of state bridgeleckswith different ADT- year 2000

Average Daily Trafic (ADT) State Bridge2005

9
8
7 >\
(@]
£ 6 | [=e=ADT <100
& 5 || —#—100< ADT <1000
5 ~4—1000< ADT <5000
= 4 || —e—ADT >5000
S 3
(@]
(@]
2
1
0
0 10 20 30 40 50

Average Age of Deck (years)

Figure4-36: Deteriorationcurves of state bridgeleckswith different ADT - year 20
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Average Dalily Trafic (ADT) State Bridge2009
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Figure4-37: Deteriorationcurves of state bridgeleckswith different ADT- year 2009
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Figure4-38: Average tansition periof statebridge decksvith different ADTiT year 2000
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Figure4-39: Average tansition periof state bridgeleckswith different ADTT year 206
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Figure4-40: Average tansition perioof state bridgeleckswith different ADT1 year 200
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4.2.2.2. Average Daily Truck Traffic (ADTT)

ADTT is apercentage of item 28DT). Based on data analysis, the ADWascategorized into

three diferent levels of traffievhich waslisted in Table3-10. Figure 441 shows the frequency

diagramof ADTT in state bridges wittbare concrete deck Results showthat bridges with
ADTT more than 100 and less than 500 has a highest frequandybridgesADTT less than
100 have a higher frequency than those with ADTT more than 500.
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Figure4-41: ADTT frequencydiagramin state bridges

All state bridges with ADTT = @Qvere eliminatedin developingFigures4-42, 4-43 and 444,

which show the deterioration cees of concrete deck# state bridges with different lesebdf
ADTT in years 2000, 2005, and 2009. These figures indicate that decks withAD@&rhave

better condition than those with highf®TT.T h er e

arenot

enough

dat a

more than 500and this causea significant difference between average agérafge decksat

condition 6 and 5SFigures 4-45, 446 and 447 presenthe deterioration curvef concrete decks

in state bridges developed using the condition data from year 1998 @or2th ADTT less than

100, more than 100 and less than 500, and more than 500 respectively.

64

a



Concrete Deck (no overlayADTT in State Bridge2000
9
8
7
(@]
£6
T
x5
= ——ADTT < 100
24
g, —8-1000 ADB@ K
o
2 ~#=5000 ADTT
1
0
0 10 20 30 40 50
Average Age (years)

Figure4-42: Deteriorationcurves of state bridgelecks with different ADTTF year 2000
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Figure4-43: Deteriorationcurves of state bridgedecks with diffeent ADTT - year 206
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Figure4-44: Deteriorationcurves of state bridgedecks with different ADTTF year 2009
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Figure4-45: Deteriorationcurve of state bridgelecks withADTT < 100
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100< ADTT < 500- State Bridges years1998to 2010
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Figure4-46: Deteriorationcurve of state bridgelecks with100 <ADTT < 500
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Figure4-47: Deteriorationcurve of state bridgelecks with ADTT >500

Tables 4-6, 4-7 and 48 list the transition periodalculated forADTT less than 100, more than
100 and less than 508nd more than 500’ hese dta are plotted ifrigures4-48, 4-49 and 450
for comparison purposeslso, dl transition periodsalculated from condition data from 1998 to

2010 wereplottedall together inFigure 451.
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Table 46: Transition period for state bridge decks with ADTT < 100

ADTT < 100 Cordition Rating- State Bridges
Transition Period (years) 8| 8 77 6|6 5|5 4
2000 7.7 23.2 1.1 7.0 3.0
2005 9.1 19.5 4.8 2.8 1.6
2009 9.2 17.0 34 3.1 2.5
1998 to 2010 11.8 16.5 2.5 4.6 3.9

Table 47: Transition period for state bridge decks with 100 < ADTT < 500

100 O ADTT Condition Raing - State Bridges
TransitionPeriod (years) 8|8 7|7 6|6 5|5 4
2000 7.2 16.2 9.9 2.2 14
2005 7.6 14.4 8.6 5.0 0.5
2009 9.3 8.8 114 10.8 0.5
1998 to 2010 7.8 124 10.0 6.0 0.9

Table 48: Transition period for state bridge deck$mADTT > 500

500 O ADT Condition Rating State Bridges
TransitionPeriod (years) 8|8 7|7 6|6 5|5 4
2000 6.5 11.0 5.5 9.4 5.1
2005 6.4 7.8 3.5 14.3 0
2009 7.7 5.9 21 21.0
1998 to 2010 7.1 6.8 6.3 12.8 5.8
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Figure 448: Transition period for state bridgkeckswith ADTT < 100
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Figure 449: Transition period for state bridgkeckswith 100 < ADTT < 500
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Figure 450: Transition period for state bridgeckswith ADTT > 500
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Figure 451: Transition period for state ligedecks withdifferent ADTT

4.2.3. Highway Agency District

The eight districts of the state of Nebraska @escribed in section 3.Eigure 4-52 shows the
frequency diagranof ADTT in each districtfor state bridgesn year 2009.This figure shows
thatdistrict 2 haghe highest frequencef ADTT more than 500. Following district 2, district 1

has a higher frequency than other districts. For ADTT more than 100 and less than 500, districts
3 and 1 havéhehighest frequency.
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ADTT Frequency Diagram for all Districtsyear2009

400
350 —
300
250 [
200 =
150
100
50 —h—
0

1 2 3 4 5 6 7 8
= ADTT <100 148 | 17 | 145 | 209 | 109 | 84 | 129 | 74
01000 ADBOO 822 | 123 | 336 | 278 | 209 | 171 | 151 | 61

®5000 ADTT| 201 257 110 122 61 70 3 0

Frequency

Figure4-52: ADTT frequeng diagram for districts 1 to 8 in state bridgggear 2009

The otherconclusion from this figurés that most of state bridges are in districts 1, 2, 3 and 4
(about two third), therefore deterioration modsl aredeveloped forconcrete decks inwo
catggories: a) districts 1, 2, 3 and;4ndb) districts5, 6, 7 and 8Figures 4-53 and 454 show

the deterioratiorcurvesand transition periodor districts 1, 2, 3 and 4These figurelearly
show the deterioratioratefor bridge decks irdistrict 2 ishigherthan other districtslue to the
higher ADTT. Thus, deterioration curgefor districts 1, 3 and 4 is shown iAgure 455

separately from those ghistrict 2 which isshown inFigure 456.
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Figure4-53: Deterioration curvesf decks indistrictsl, 2, 3 and 4 years 1998 to 2010
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Figure4-54: Transition periodsf decks indistricts 1, 2, 3 and ¥ years 1998 to 2010
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Figure4-55: Deterioration curvesf decks indistricts 1, 3 and # years 1998 to 2010



District 2 - State Bridges years1998to 2010

9 0\

8

7
(o))
£6
IS
c
S 4 y = 3E-05x3- 0.0015¢ - 0.126% +9.937 S~
o R2=0.997
c 3
o

2

1

0

0 10 20 30 40 50
Age (years)

Figure4-56: Deterioration curvef decks indistrict 2 years 1998 to 2010

Figures 4-57 and 458 show the deterioration curvesd transition periodsf decks indistricts 5,
6, 7 and 8. Tese figures showthatdeteriorationcurvesfor all districts are almosthe samewith
the exceptia of at conditions5 and 4 Therefore all data for these districtare combined

together ané deterioration curvés developedasshownin Figure 459.
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Figure4-57: Deterioration curvesf decks indistricts 5, 6, 7 and Byears 1998 to 2010
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Figure4-59: Deteriorationcurve of decks imistricts 5, 6, 7 and 8&ombined

4.2.4. DECK PROTECTION
Deteriorationmodek are developed for deckwith epoxy coated reinfcing (ECR) and with

black rebar (BR)without protectionin state bridgeskigure 460 shows the percentage of state
bridges withECR and BR at year 2010. This figure clearly shows more than 70%riofge
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deckshave epoxy coated reinforcing.

State Bridges Concrete deckl88bridges) year2010
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/_
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Figure4-60: Deck with epoxy coated reinforcing and without protection (with black rebar) in
state bridge$ year 2010

Figures 461 and 462 are plotted age reconstruction versus condition rating for deck€E@ith

and BR at year 2010. These figure show thatragenstruction for decks with ECR is different
than those decks with BR. For better comparison, Histograagefeconstruction for decks with

ECR and BRn state bridges was developed as shown in Figig@ Zhis figure clearly shows

that decks with ECRhave age reconstruction between 5 to 25 years. However decks with BR
have age reconstruction between 35 to 55 years which is completely different than deck with BR.
Thus developing deterioration curves for ECR and BR decks with different age reconstisictio

not realistic and iheeddo be investigated with probabilistic method. Comparison between deck

with ECR and BR using Markov approach will be presented in next chapter.
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Figures 461: Age reconstruction versus condition rating for decks with- B&ar 2010
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Figures 462: Age reconstruction versus condition rating for decks with E@&ar 2010
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Figures 463: Histogram of age reconstruction for decks with ECR and f&ar 2010

4.3 SUPERSTRUCTURE

The bridge superstructure consists of thatiporof the bridge above the bearingame as
decks, aharsh environmentigh traffic volume, and aging are the main reasons for rapid bridge
superstructureleterioration.Main material types obridgesare steel, concrete and prestressed
concrete(sectin 3.3.) There are782 steel, 775 prestressed congrated 110concretebridge
superstructureaccording to 2009 dat&igure 464 presersg the condition distribution of bridge
superstructure for each materigbe This figure clearly showthatmost of seel and prestressed
concrete superstructubasconditionratings9, 8 and7, while most concrete superstructuras
condition ratings 5 and 6 To deal with superstructure deteriorationwo main types of

superstructurareconsideredn state bridgessteel and prestissed concrete superstructures.
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Figure4-64: Superstructure distribution lmpndition ratingand material typé year 2008

Bridge superstructurie described in itenBRI_RAT _ITEMO0590f the National Bridge Inventory
(NBI) databaseSteeland prestressed concreteaterias are described in item 43A section 3.3
(numbers 3 ané respectively. In this sectiondeterioration modslaredeveloped fosteel and
prestressed concregeiperstructuregrigure 465, 4-66 and 467 show deterioration arves at
years 2000, 2005 and 2009 for steel and prestressed concrete. Taobeliiresuls, all data
from yeas 1998 to 2010 for superstructunerecombined tgether. Deterioration curgdor all
dataare shown inFigure 4-68. These figures clearlyhew that steel and prestressed concrete
superstructure haw@milar deterioratiorratesfrom cordition 9 to 7 There isno enough data for

prestressed concrete superstrucat@ndition 6or less.
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Figure4-65: Deteriorationcurves ofsteel and prestssed concretuperstructuré year 2000
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Figure4-66. Deteriorationcurves ofsteel and prestressed concr&iperstructuré year 2005
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Figure4-67. Deteriorationcurves ofsteel and prestressed concraiperstructuré year 2009
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Superstructure State Bridges years1998to 2010
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Figure4-68. Deteriorationcurves ofsteel and prestressed concraiperstructuré years 1998 to
2010

Tables 411 and 412 list the transition periodf steel and prestressed concrete superstruicture

state bridgedData from these tables are plotted in Figuré&®4&nd 470.

Table 411: Transition period of steel superstructure in state bridges

Steel Superstructure Condition Rating State Bridges
Transition Period (years) 9 8| 8 707 6|6 5|5 4
2000 10.8 8.0 5.4 6.6 0.0
2005 10.1 9.7 6.5 0.1 4.6
2009 9.9 7.5 6.9 4.0 2.7
1998 to 2010 10.5 8.2 6.6 5.3 3.2

Table 412: Transition period of prestressed concrete superstructure in state bridges

Prestressed Carete Condition Rating State Bridges
Transition Period (years) 9 8| 8 77 6| 6 5|5 4
2000 12.5 7.6 0.0 0.0 0.0
2005 114 10.4 0.0 0.0 0.0
2009 7.9 13.8 3.0 0.0 0.0
1998 to 2010 10.8 9.8 2.1 15 0.0
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Figure4-69: Transitionperiodof prestessed concrete superstructurestate bridges
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Figure4-70: Transition periodf steel superstructuia state bridges

For better comparisorgveragetransition period for all data since 1998 to 204 (lotted in
Figure 4-71. This figure shows that prestressed concrete superstructure has a slightly better

condition than steel superstructure from condition 9 to 7.
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Figure4-71 Transition periof steel and prestressed concrete superstruictistate bridges
years 1998 to 2010

4.4. SUBSTRUCTURE

The bridge superstructure consists of that portion of the biddmwv the bearingsBridge
substructures described in itenBRI_RAT_ITEMO06Q State bridges have a more reliable data in
databasgtherefore data analysis implemented onestatdges. Figures-42 showsdeterioration
curve at years 2000, 2005 and 2009.
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Figure4-72: Deterioration modebf substructuré years 2000, 2005 and 2009

To obtain the better resgltall data from year 1998 to 2010 for substructure combined tgeth

Deterioration curvefor all dataareshown inFigure4-73.
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Figure4-73. Deterioration modebf substructure years 1998 to 2010

In order to compare the deterioration of superstructure and substructure with national average,
deterioration curvesra plotted in the same Figure74. Dash line represents the national
average deterioration rate which takes 10 years to drop from high to lower condition for
superstructure and substructure. This figure shows that superstructure has similar deterioration
curve as substructure. However bridge superstructure and substructure components are lower

than national average.
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Figure4-74:. Deterioration modebf substructure and superstructurgears 1998 to 2010
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Table 413 lists averagetransition period for dastructureat years 200, 2005, 2009 and from

1998 to 2010. Data from table18 are plotted inFigure 4-75. Results show thaaverage
transition period from condition 9 to 8 is about 9 years and from condition 8 to 7 and 7 to 6 are
approximately 8 years.

Table 413: Transition period of substructurgears 2000, 2005, 2009 and 1998 to 2010

Substructure Condition Rating State Bridges
Transition Period (years 9 8|8 7|7 6| 6 5|5 4
2000 10.2 8.6 7.5 6.7 6.1
2005 9.7 9.3 6.7 6.1 4.3
2009 8.7 8.1 10.0 3.1 3.9
1998 to 2010 9.5 8.4 7.8 6.6 7.5
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Figure 475: Transition perioaf substructure in state bridges
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5 STOCASTIC DETERIORATION MODELS

5.1 INTRODUCTION

The theory of stochastic processes is being increasingly useskvieral applications in
engineering and applied scienc@his theory hascontributed significantly to the field of
modeling infrastructure deterioration because of the high uncertainty and randomness involved
in the deterioration process. The most commonly usechastic technique for infrastructure
deterioration is the Markov decision process (MDRPP is one of the most popular stochastic
techniques obtained from operation research. This process has been used to develop stochastic
deterioration models for diffent infrastructure facilitiesStochastic models treat the facility
deterioration process as one or more random variables that capture the uncertainty and
randomness of this process. These models can be classified either-bassdter timdgased

models (Mauch and Madanat, 2001)n statebased modelsknown as Markov chains,
deterioration models are based on the concept of defining states in tefatdityf condition

ratings and obtaining the probabilitiestbé facility condition changing from oneate to another

in a discrete timgiven a set of explanatory variables, such as climate, traffic, structure type, etc.
(Morcous 2006. In time-based models, the duration thafaaility remairs at a particular state
(condition rating) is modeled as a dam variable using Weibubased probability density
functions to characterize the deterioration process, given its dependence on the same set of
explanatory variables described ab¢Meshalani and Madana2002 DelLisle et al, 2004).

In this chapter th condition dateof Nebraska bridges issedto develop statdased stochastic
deteriorationmodels.The rine bridge condition ratings (from® to 1) canbe defined asine
Markovian states with each condition rating corresponding to one ohitlee states.For
example, condition rating is defined as State 1; rati@gas State 2, and so AWithout repair or
rehabilitation, the bridge condition rating should decrease with increbselge age. Therefore,
there is a probabilityp;;, of a bridge elementansiting from oneondition state, saly toa lower
condition state, ], during one inspection cycléBy knowing this probability for each of the
conditionstates, the transitigorobability matrk P, can be developeasshown below
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P11 P12 e P1n
P21 P22 e P2,n
P= 1 . . ..
(5-1)
pn 1 pn,2 ------ pn n

In Eq.(5-1), nis the number of condition statdkthe initial condition vectoP(0) that describes
the present condition of a bridge componerkrniswn, the future condition vectd?(t) at any
number of transition period$ can be obtained as follows

P(t) = P(0) * P (5-2)

Transition probabilities are obtained either from accumulated condition data or by using an
expert judgment elicitatn procedure, which requires the participation of several experienced
bridge engineersThe outcomes of this elicitation procedure are manipulated to generate
transition probability matrices for those agencies with inadequate condition data. A statistical
updating of these probabilities can be undertaken when a statistically significant number of
consistent and complete sets of condition data become available over the years. Two methods are
commonly used to generate transition probability matrices froncdhdition data: regression
based optimization method and percentage prediction method. The reghessdroptimization
method estimates transition probabilities by solving the-lm@ar optimization problem that
minimizes the sum of absolute differendestween the regression curve that best fits the
condition data and the conditions predicted using the Mackain model. The objective
function and the constraints of this optimization problem can be formulated as follows (Butt et
al. 1987):

Minimize 5 ICt) - E()|

Subject ta 0¢ p; ¢1 for i,j=12,.....r (5-3)
a B =1
i=1
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where N = total number of transition periods,
C(t) = facility condition at transition period numhtdsased on the regression curve,
E(f) = expected value of facility condition at transition period numibbased on

Markow-chains, which is calculadeas follows:

E() =P@) S (5-4)

where S = vector of condition states.

Since the regression model used in this method is affected significantly by any prior maintenance
actions, whose records may not be readily available in many BMS dadgalthe percentage
prediction method is commonly used. In this method, the probapilitg estimated using the
following equation (Jiang et al. 1988):

Pij = N / N (5-5)
where n; = number of transitions from state i to state j withinveeg time period,
n; = total number of bridges in state i before the transition.

The use of this method requires at least two consecutive condition records without any
maintenance interventions, for a large number of bridge components at differemiboostdites

in order to generate Irable transition probabilities, which is the case of NBMS. Therefore, the
percentage prediction method was used in this chapter to develop Wdndkios for bridge

deck, superstructurand substructureomponents as pented in the following subsections.

5.2. ENVIRONMENTAL CATEGORIES

Average daily traffic (ADT) and average daily truck traffic (ADTT) are considered the main
parameters to define the environnamtategories for bridge component deterioration in general,
and bridge deck in particulafMorcous, et al. 2003)These environmental categories are
classified into: low environment, moderate environment and severe environment. Low
environment represents those with ADT less than 100 and ADTT less than 1000. tslodera
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environment represents those with ADT more than 1000 but less than 5000, and ADTT more
than 100 but less than 500. Severe environment represents those with ADT more than 5000 and
ADTT more than 500. Those environmental categories were defined to rienamés adopted

by Pontis for modeling the deterioration of bridge elements.

In order to relate those environmental categories with highway districts in the state of Nebraska,
several figures were plotted to graphically represent the distribution adelsrich all eight
districts for differentvolumes of ADT and ADTT Figures 51 and 52 show the distribution of
state bridges in each district for ADT < 1000 and ADTT <{@® environment)according
2009 data, respectively. These figures shimatdistrict4 has a highest percentage of bridges.
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Figure 51: Distribution ofstatebridges in districts with ADT<1000 year 2009

| Year2009- ADTT<100(980data)
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Figure 52: Distribution ofstatebridges in districts with ADTT<100 year 2009

Figures 53 and 54 present the distributiorf gtatebridges in districts with 1000 < ADT < 5000
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and 100 < ADTT < 50@moderate environmentThese figures clearly shawwatdistrict 1 and 3

have a highest percentage of bridges.

| Year2009- 1000<ADT<5000)

District 8
District 7 3% District 1

8% 22%

District 6
8%
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14%

District 3
16% 22%

Figure 53: Distribution ofstatebridges in districts with 1000<ADT<®O07T Year 2009

| Year2009- 100<ADTT<500(1732data)|
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Figure 54: Distribution ofstatebridges in districts with 100<ADTT<500Year 2009

Distributions of state bridges in districts with ADT > 5000 and ADTT > 50B8evere
environment)are shown in Figures-5 and 56, respectively. Theseglures showhat district 2
has a highest percentage of bridges.
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Figure 55: Distribution of bridges in districts with 5000 < ADTYear 2009

| Year2009- 500<ADTT (919data)|
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Figure 56: Distribution of bridges in districts with 500<ADTITYear 2009

5.3. CONCRETE BRIDGE DECKS

Original concretedecksin state bridgesare selected fodeveloping stochastic deterioration
modek becauseheyare considered the most dominant typérdge decksThecondition data

of original concretedecks represent the results of the detailed vigwsgections carried out
approximately everywo years.According to the National Bridge Inspection Standards (NBIS),
transition probability matrice®r low, moderate, and seveeavironmens are derived fronthe
NBMS data of yeard 998 to 2010 Tables 5-1, 52 and 53 show the developedransition
probability matrices for concrete decksn state bridgeswith low, moderate, and severe
environments respectivelfables 54, 55 and 56 listed the conversiortransition probability
matrices in PONTIS format5(by 5 matrix)for concrete decksn state bridges with low,
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moderate, and severe environments respectively.

Table 51: Transition probability matrix for low environment categBl)

Condition| 9 8 7 6 5 4 3 2 1
9 0.70| 0.30| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00]| 0.00
8 O |0.89/0.11|0.00| 0.00| 0.00| 0.00| 0.00]| 0.00
7 0 0O |0.87/0.13|0.00|0.01| 0.00| 0.00] 0.00
6 0 0 0 |0.87|0.13| 0.00| 0.00| 0.00| 0.00
5 0 0 0 0O |0.91(/0.09|0.00|0.00]|0.00
4 0 0 0 0 0 |0.97|0.03|0.00| 0.00
3 0 0 0 0 0 0 |0.91/0.09|0.00
2 0 0 0 0 0 0 0 |0.98|0.02
1 0 0 0 0 0 0 0 0 |1.00

Table 52: Transition probability matrix for moderate environment cate{jdB/)

Condition| 9 8 7 6 5 4 3 2 1

9 0.68| 0.32| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00
0.00| 0.93| 0.07| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00
0.00| 0.00| 0.76| 0.24| 0.00| 0.00| 0.00| 0.00| 0.00
0.00| 0.00|{ 0.00( 0.79| 0.21| 0.00| 0.00| 0.00| 0.00
0.00|{ 0.00| 0.00| 0.00| 0.87|0.13| 0.00| 0.00| 0.00
0.00| 0.00| 0.00| 0.00| 0.00| 0.91|0.09|0.00| 0.00
0.00| 0.00| 0.00| 0.00| 0.00| 0.00| 0.89| 0.11| 0.00
0.00|{ 0.00| 0.00| 0.00| 0.00| 0.00| 0.00|{ 094 | 0.06
0.00|{ 0.00| 0.00| 0.00| 0.00| 0.00| 0.00|0.00| 1.00

R INW|~[01|O | |00

Table 53: Transition probability matrix for severe environment cateNiB/)

Condition| 9 8 7 6 5 4 3 2 1

9 0.66| 0.34|0.00| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00
0.00/ 0.90| 0.10| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00
0.00| 0.00| 0.68| 0.32| 0.00| 0.00| 0.00| 0.00| 0.00
0.00| 0.00|{ 0.00| 0.77| 0.23| 0.00| 0.00| 0.00| 0.00
0.00| 0.00|{ 0.00| 0.00| 0.73| 0.27| 0.00| 0.00| 0.00
0.00| 0.00| 0.00| 0.00| 0.00| 0.70| 0.30| 0.00| 0.00
0.00| 0.00| 0.00| 0.00| 0.00| 0.00| 0.90| 0.10] 0.00
0.00| 0.00 | 0.00| 0.00| 0.00| 0.00| 0.00| 0.99]| 0.01
0.00| 0.00|/ 0.00| 0.00| 0.00| 0.00| 0.00| 0.00| 1.00

R INW(~[O0o1O | |00




Table 54: Transition probability matrix for low environment categ@PONTIS format)

Condition 1 2 3 4 5
1 0.91 | 0.09 | 0.00 | 0.00 | 0.00
2 0.00 | 096 | 0.04 | 0.00 | 0.00
3 0.00 | 0.00 | 0.96 | 0.04 | 0.00
4 0.00 | 0.00 | 0.00 | 095 | 0.05
5 0.00 | 0.00 | 0.00 | 0.00 | 1.00

Table 55: Transition probability matrix for moderate environment categB@NTIS format)

Condition| 1 2 3 4 5
1 0.91| 0.09| 0.00| 0.00 | 0.00
0.00| 0.96 | 0.05| 0.00 | 0.00
0.00| 0.00 | 0.91| 0.09 | 0.00
0.00| 0.00| 0.00| 0.88| 0.12
0.00| 0.00| 0.00| 0.00| 1.00

gl W|IN

Table 56: Transition probability matrix for severe environment catedBQNTIS format)

Condition| 1 2 3 4 5
1 0.90| 0.10 | 0.00 | 0.00 | 0.00
0.00| 095 | 0.06 | 0.00 | 0.00
0.00| 0.00 | 0.73 | 0.27 | 0.00
0.00| 0.00 | 0.00 | 0.71 | 0.29
0.00| 0.00 | 0.00 | 0.00 | 1.00

gl wW|IN

The probabilities shown ifables 51 to 5-6 represent the change of bridge deckditon under
normal operatingonditionsin the state of Nebrask@o demonstrate the differences amgadhe

three environmental categories with respect to the predicted performance and service life of
concrete bridge decks, the transition probability matrices showablas 51 to 5-6 are used to
develop the deterioration curvelsownin Fig.5-7 and Fig.5-8.
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Concrete Bridge Decks at Different Environment Categories (NBI)
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Figure 57: Deterioration curves of concrete bridge destidifferent environmerst
Concrete Bridge Decks in Different Environment Categories (PONTIS)
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Figure 58: Deterioration curves of concrete bridge decks at different environiflQNTIS
format)
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Each of these curves represents the relationship betiveaverage condition rating of concrete
bridge decks and their age for a specific environmental catdgany condition 9 taondition7

there isno significant difference betweedeck deteriorationin the differentenvironmenrdl
categories.If the condtion 5 (fair condition)is adopted as the minimum acceptable deck
condition, the predicted average service live of bridge decks in low, moderate, and severe
environments aré2, 58, and42 years, respectively. This significant variation in the serviee lif

of bridge decks illustrates the considerable impact of the environment onrfbemaace of

bridge decks.

5.4.DECK PROTECTION

Figure 59 shows the number difridge decksvith ECRand BRin each condition rating at year
2010. This figure clearly showikat most of state bridges with ECR have conditiohahles 57
and 58 showthe developedransition probabilitymatricesfor concrete deck state bridges
with ECR and BR.

State Bridges with Concrete Deckear2010
1000 I I

" 900 —— m Black Rebar (492 data) [
© 800 —
S 700 OEpoxy Coated (1196 data) |
0 600
S 500
3 400
£ 300
Z 200 —

o = NN mEN SN BN

9 8 7 6 5 4 3
Condition Rating

Figure5-9: Number of bridge decks in each condition raiingar 2010
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Table 57: Transition probability matrix fodecks with ECRNBI)

Condition 9 8 7 6 5 4 3 2 1

9 0.73 | 0.27| 0.00| 0.00| 0.00| 0.00| 0.00( 0.00| 0.00
0.00 | 0.93| 0.07| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00
0.00 | 0.00| 0.76| 0.24| 0.00| 0.00| 0.00| 0.00| 0.00
0.00 | 0.00| 0.00| 0.87|0.13| 0.00| 0.00| 0.00| 0.00
0.00 | 0.00| 0.00| 0.00| 0.87| 0.13| 0.00| 0.00| 0.00
0.00 | 0.00| 0.00| 0.00| 0.00| 0.91| 0.09| 0.00| 0.00
0.00 | 0.00| 0.00| 0.00| 0.00| 0.00| 0.89| 0.11| 0.00
0.00 | 0.00| 0.00| 0.00| 0.00| 0.00| 0.00( 0.94| 0.06
0.00 | 0.00| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00{ 1.00

RPINWRA OO ||

Table 58: Transition probability matrix fodecks with BRINBI)

Condition 9 8 7 6 5 4 3 2 1

9 0.67 | 0.23|0.00|0.00|0.00|0.00|0.00| 0.00{0.00
0.00 | 0.89/0.11|0.00|0.00| 0.00| 0.00| 0.00{ 0.00
0.00 | 0.00|0.91|0.09 | 0.00 | 0.00| 0.00| 0.00( 0.00
0.00 | 0.00| 0.00|0.89|0.11|0.00| 0.00| 0.00| 0.00
0.00 | 0.00| 0.00| 0.00| 0.93| 0.07 | 0.00 | 0.00| 0.00
0.00 | 0.00| 0.00| 0.00| 0.00| 0.70| 0.30| 0.00| 0.00
0.00 | 0.00| 0.00| 0.00| 0.00| 0.00| 0.90| 0.10| 0.00
0.00 | 0.00| 0.00| 0.00| 0.00| 0.00| 0.00( 0.99|0.01
0.00 | 0.00| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00{ 1.00

RPINWiAOIO|N|00

There i sndét enoumbonditiant5andfowear culfi@RComparsdn between
transition probability matrix of decks with ECR and decks with different environment show that
decks with ECR are same as deckshwitoderate environment. Thereforesults oftransition
probability matrices for moderate environment in condition 5 and lower condition are used in
developing transition probability matrix for decks with ECRansition probability matrices
shown intables 57 and 58 are used to develop the deterioration cusresvnin Fig. 5-10.
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Concrete Bridge Decks with Different Protection
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Figure 510: Deterioration curves of concrete bridge deek® EDR and BR

ECR bridges providing better performance than black rebar bridge decks. Comparison them at a
decksurface rating before 5 show that expected service life of ECR bridge decks is about 2.5 to
3 times longer than BR bridge decK.the condition 5 (fair condition)is adopted as the
minimum acceptable deck condition, the predicted average service filmglge deckswith

ECR and BRare about 68and 40 years This numbers are in closagreementwith work
conducted byMichigan Department of Transportation (Boatman, 20Fgure 414b was

shown an averagageof 35 to 40 years before -deecked, meaning #t the deck likely had
reached fair condition during this timehich correlates very well with the timefer calculated

for BR decksuy using the transition probability matrix.

55. BRIDGE SUPERSTRUCTURE

Bridge superstructures typically constructedvith either steel or prestressed concrgtelers

This sectionpresents théMarkov transition probabilitieslevelopedfor bridge superstructure
made ofsteel and prestressed concrete. Transition probabilities were calculated using NBMS
superstructurecordition ratings from 1998 to 201@nd the percentage prediction method

presented earlieflables 5-9 and 510 show the transition probability matrices ftatebridges
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containing steednd prestressed concretgoerstructureespectively.

Table 59: Transtion probability matrix for steel superstructyieBI)

Condition| 9 8 7 6 5 4 3 2 1
9 0.92]| 0.08| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00]| 0.00
8 0O |0.95]/0.04|0.00|0.00| 0.00|0.00| 0.00]| 0.00
7 0 0 |0.92|0.06|0.02| 0.00| 0.00| 0.00| 0.00
6 0 0 0 [0.86]0.11|0.02|0.01| 0.00| 0.00
5 0 0 0 0 |0.87|0.10| 0.03| 0.00| 0.00
4 0 0 0 0 0 |0.98|0.02| 0.00| 0.00
3 0 0 0 0 0 0 |1.00|0.00|0.00
2 0 0 0 0 0 0 0 |1.00(0.00
1 0 0 0 0 0 0 0 0 |1.00

Table 510: Transition probability matrix for prestressed concrete superstrydN&ig

Condition| 9 8 7 6 5 4 3 2 1
9 0.89| 0.10| 0.01| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00
8 0O |0.93/0.05/0.01{0.01|{0.00|0.00|0.00|0.00
7 0 0 |0.88|0.09|0.02| 0.00| 0.00| 0.00| 0.00
6 0 0 0 [0.93|0.07|0.00({0.00| 0.00| 0.00
5 0 0 0 0 |0.92|0.08|0.00| 0.00|0.00
4 0 0 0 0 0 | 1.00| 0.00|0.00| 0.00
3 0 0 0 0 0 0 |1.00|0.00| 0.00
2 0 0 0 0 0 0 0 |1.00(0.00
1 0 0 0 0 0 0 0 0 |1.00

To demonstrate the differencé®tweensteel and prestressed concrete superstructitie

respect to the predicted performance and service life of bridge, the transufo@bitity matrices

shown intables 59 and 510 are used to develop the deterioration curves in %iffl. This

figure showshat thedeteriorationof steel angorestressed concrete superstruchasthe same

rate from condition 9 to condition 8, whilegstressed concrete hslgghtly deteriorationrate

than steel superstructure in lower condition states.
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Steel & Prestressed Concrete Superstructure
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Figure 511: Deterioration curves of steel aprestressed concrete superstructure

5.6. BRIDGE SUBSTRUCTURE

This section presents Markov transitiprobabilitiesdeveloped dr substructurén state bridges.
Transition probabilities were calculated using NBMS database from 1998 to 2010. T&ble 5
shows the transition probability matifior bridgesubstructure

Table 511: Transition probability maix for substructuréNBI)

Condition| 9 8 7 6 5 4 3 2 1
9 0.85|0.14| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00]| 0.00
8 0O |0.95]/0.05/0.00|0.00f{0.00|0.00|0.00{0.00
7 0 0 [0.95]/0.04|0.01|0.00|0.00| 0.00| 0.00
6 0 0 0 |0.93/0.05|/0.01|0.00| 0.00|0.00
5 0 0 0 0O |0.95/0.04|0.01|000|0.00
4 0 0 0 0 0 |0.95]/0.05|0.00|0.00
3 0 0 0 0 0 0 |0.93|0.07|0.00
2 0 0 0 0 0 0 0 |1.00|0.00
1 0 0 0 0 0 0 0 0 |1.00
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In order to compare the results for superstructure and substruitter&ansition probability
matrices shown itables 59, 5-10 and 511 are used to develop the deterioration curves in Fig.
5-12. This figure indicates the milarity in the deterioration rates of bridge superstructure and

substructure components.
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Figure 512: Deterioration curves diridgesuperstructure and sstiucture
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6 MODEL UPDATING

6.1 INTRODUCTION

In this chaptey the procedures followed heveloping the models presentecchraptes 4 and5

are simplified and automated to a great extent in order to facilitate updating the developed
models when newdata becomes available. This accomplished using the visual basic
programming capabilities of Microsoft Excdlhe database file can be updated on the basis of
the procedure presentbdlow.

6.2. MODEL UPDATING

To updatethe bridge data from NDOR d#tase the procedures listed belowill need tdfollow:

1. Import the items INV 002B (District), INV 005B (Route signing prefix), INV 008 (Bridge
numbe), INV 26 (Functional classification), INV 27 (Year built), INV 29 (Average daily
traffic), INV 42 A (Type d service), 43A(Material Type) 43B (Structure type), INV 106
(Year reconstruct), INV 107 (Deck structure type), INV 108A (Type of wearing surface),

INV 108C (Deck Protection), INV 109 (Average daily truck traffic), RAT 58 (Deck), RAT
59 (Superstructure RAT 60 (Substructure) and RAT 90 (Inspection date) from Microsoft
Access to Microsoft ExceExample is shown in Fig.-6.

2. Remove duplicate data from item INV 008 and RATE®ample is shown in Fig.-B.

3. Put the number of d at afor aunnihg tbd progremThesnwillb ut t o n
perform all data filtering operations as well as-agét and ageeconstruct calculations.

4. Click on buttons -dieAXTT 0, ODA YTHOQ lefir Dea § k ASi |l
ALat ex Concreteo, AiLotwr iSdtusmpl Ctomm c8 e,t efoDi AtDr |
to 80, ASuperstructuredo and ASubstrusctureod
with frequency diagram. Example is shown in Fig.6

5. For stochastic deterioration models, similar buttons ardade in different excel sheets.

Please refer to the attached files.

100



| DORADM_BIRPSUMM _MEIS_09 '
BIR_MGT_ITI - | BIR_MGT_RT ~ |BIR_MGT_CC - |BIR_MGT_H\ ~ |BIR_MGT_H\ - |BIR_MGT_C( - BIR_MGT_PF ~ |BIR_MGT FL - |E

C001502015 0

C001502020 ]

COE2121020 0 Simple Query Wizard

COE2130325 ] e ti .

COE2131035 0 I Elds 00 you wantin your query':

COE2150125 0 You can choose from more than one table or query.

COES600105 0

COE5600105P o Tables/Queries

COE2120320 0 |Tab|e: DORADM_BIRPSUMM_MNBIS_0S w

C054520210 0

C054520215 0 Available Fields: Selected Fields:

054520220 0 BIR_INV_ITEM_D37 Py BIR_IMV_RT_002B

C054520405 0 BIR_INV_ITEM_033 BIR_INV_ITEM_00SB
BIR_IMNV_ITEM_D39 BIR_IMV_ITEM_D0S

C054520805 o BIR_INV_ITEM_040 BIR_INV_ITEM 026

COS7500210 0 BIR_IMV_ITEM_042U BIR_IMv_ITEM_027

BIR_IMV_ITEM_D29

C058302820 0 BIR_IMV_ITEM_044A BIR_IMV_ITEM_0420

COES600110 0 BIR._IMV_ITEM_044E -

COES600305P 0

COESB10305 0 Next > ] [ Finish

COES610310 0 61005

COES010505 ]

COES610510 ]

COESB10703 ]

Figure 61: Selecting necessary items from Microsoft access database

Figure 62: Removing duplicate data from Microsoft excel database
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